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The research on nitridophosphate materials has gained significant attention in recent years due to 
the abundance of elements like Mg, Zn, P, and N. The compound semiconductors comprising of 
these earth-abundant elements are important in terms of manufacturing cost of electronic devices 
and no detrimental impact on the environment.  Here in this thesis, a detailed study of band gap 
and electronic structure of M2PN3 (M=Mg, Zn) and BP3N6 is presented using synchrotron-based 
soft X-ray spectroscopy measurements as well as Density Functional Theory (DFT) calculations. 
The experimental N K-edge X-ray emission spectroscopy (XES) and X-ray absorption 
spectroscopy (XAS) spectra are used to estimate the band gaps, which are compared with 
calculations along with the values available in literature. The band gap, which is essential for 
electronic device applications, is experimentally determined for the first time to be 5.3 ± 0.2 eV, 
4.2 ± 0.2 eV, and 5.3 ± 0.2 for Mg2PN3, Zn2PN3, and BP3N6, respectively. The experimental band 
gaps agree well with the calculated band gaps of 5.4 eV for Mg2PN3, 3.9 eV for Zn2PN3, and 5.8 
eV for BP3N6 using the modified Becke-Johnson (mBJ) exchange potential. The states that 
contribute to the band gap are investigated with the calculated density of states especially with 
respect to the non-equivalent N sites in the structure. The calculations and the measurements 
predict that all the three materials studied here in this thesis, have an indirect band gap. The wide 
band gap of M2PN3 (M=Mg, Zn) and BP3N6 could make it promising for the application in 
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The technological revolution of twentieth century is founded on the groundbreaking evolution of 
silicon-based transistors, integrated circuits (ICs), light emitting diodes (LEDs), and high-speed 
electronic devices. But the indirect and comparatively low band gap of silicon has provided the 
strong motivation for a quest of new materials. According to the Moore’s law the number of 
transistors would be doubled in every two years but the silicon-based technology can not follow 
the trend indefinitely because of the heating problems caused by packaging in so many transistors 
in a single chip as well as challenges with leakage current due to shrinking technology. Similarly, 
it has become a growing challenge to accomplish new power electronic devices with increasing 
power density and energy efficiency to meet up the market needs using silicon. However, 
numerous efforts have been made such as 3-D chips and nanotechnology on the computational 
basis to extend the Moore’s law for silicon, but molecular and quantum computing are now in 
considerations for the post-silicon era. 
Currently, high efficiency electronic applications are made with compound semiconductors 
containing gallium, selenium, cadmium, indium, and tellurium [1]. While CdTe, CIGS (Copper 
Indium Gallium Selenide) and GaAs were all used for the manufacturing of photovoltaic cells, the 
solid-state lighting industry was revolutionised by indium-based alloys of GaN and InN [1-3]. In 
optoelectronics, these nitrides have been very appealing due to the band gap tunability through 
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alloying. While tremendous success has been accomplished in producing high efficiency lighting 
technology using III-V nitrides, the price of Indium has substantially increased due to the rapid 
adoption of Indium Tin Oxide in flat panel display technology [1]. In addition, many of their 
applications are limited due to the detrimental effect on the environment. Moreover, the reserves 
in nature of such materials is not sufficient, therefore developing eco-friendly and inexpensive 
semiconducting materials is of great importance.  
Nitridophosphates, a relatively young class of compounds comprised of earth-abundant elements 
have evolved into one of the best examined classes of nitrides, which have been actively researched 
in recent years [4]. These compounds are remarkable because various elements can be incorporated 
thus exhibiting different properties. As nitridophosphate compounds form anionic PN4 tetrahedra 
in its structure where electropositive elements can be embedded, they are of great interest, from 
both scientific point of view as well as for industrial applications [5]. The nitrogen-containing 
tetrahedral building blocks lead to higher chemical stability in nitridophosphate compounds, 
higher network charges as well as more covalent bonding which further leading to excellent 
materials properties [6]. For example, the incorporation of Zn, Mg, B, Ca in the P-N framework in 
synthesizing Zn2PN3, Mg2PN3, BP3N6, and Ca2PN3 have emerged as widely studied materials in 
recent years [7-11]. 
Among the above-mentioned compounds, M2PN3 (M=Mg, Zn) and BP3N6 are studied in this 
thesis. The metallic nitridophosphate, Mg2PN3 and Zn2PN3 were synthesized ammonothermally at 
high pressure and high temperature conditions starting from P3N5 and the corresponding metals 
Mg and Zn [7, 8]. Both materials are colorless as well as transparent, crystallize in a wurtzite type 
superstructure, which is depicted in Figure 1. Both structures contain two non-equivalent N sites 











Figure 1.1. Crystal Structure of Mg2PN3. MgN4 and PN4 tetrahedra are shown in cyan and yellow 
color, respectively. The two non-equivalent sites of N are labeled as N1 and N2 in white color. 
The crystal structure of Zn2PN3 is essentially the same as that of Mg2PN3, only Zn replaces the 
Mg. 
 
On the other hand, crystals of non-metal nitridophosphate, BP3N6 were obtained in an explorative 
one-step high pressure and high temperature synthesis starting from simple reactive P/N precursor 
[10]. Owing to its intriguing properties such as high thermal/mechanical stability, photocatalytic 
activity or chemical inertness, the non-metal nitride, BP3N6 has a fundamental interest in solid 
state chemistry and materials science [6, 10, 12-14]. The crystal structure of BP3N6 was determined 
using X-ray diffraction and depicted in Figure 1.2. This structure contains six non-equivalent N 




Figure 1.2. Crystal structure of BP3N6. Chain-like edge sharing BN4 and PN4 tetrahedra are shown 
in blue and cyan color, respectively. Six non-equivalent N sites (N1 to N6) and three non-
equivalent P sites (P1 to P3) are shown in yellow and red color, respectively. 
 
Some nitridophosphates have direct band gaps which are useful for application in light emitting 
diodes while M2PN3 (M=Mg, Zn) and BP3N6 exhibit wide, indirect band gaps, which could make 
them alternative candidates for window materials for tandem thin film photovoltaic cells in the 
ultraviolet (UV) region to improve quantum efficiency [15-17]. These three wide band gap 
semiconductors could also be used in UV detectors for defense warning systems, UV 
communication, space science, environmental monitoring, industrial production, medicine, and 
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healthcare [18-22]. As the wide band gap material offers higher breakdown voltage, these could 
be very promising for high power RF as well as power electronic devices. Moreover, the hole 
effective mass of M2PN3 (M=Mg, Zn) and BP3N6 is much lower than that of GaN, which is 
appealing in light of potential applications utilizing p-type conductivity [23].  
However, most of the previous work has been devoted to studying the crystal structure, synthesis, 
and characterizing the optical and thermal behavior of these nitrides. Schnick and co-workers 
recently reported on the ammonothermal synthesis as well as first investigations of the optical 
properties of M2PN3 (M=Mg, Zn), classifying the compounds as promising semiconductor 
materials [8, 10]. Using diffuse reflectance UV-Vis spectroscopy and DFT calculations, they 
reported band gaps of 5 eV and 3.7 eV for Mg2PN3 (indirect) and Zn2PN3 (direct), respectively. 
Since the article is centered around the synthesis, their results do not provide information on the 
density of states (DOS) contribution and the band structure [8]. Therefore, a detailed view inside 
the electronic structure in emerging high-performance materials like these nitrides is required for 
the compounds to be optimally employed in a technical application [24]. Until now, no 
experimental studies have been performed to explore the electronic properties of these nitrides. 
This thesis presents the electronic structure of M2PN3 (M=Mg, Zn) and BP3N6 using X-ray 
absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES) measurements in 
conjunction with ab initio density functional theory (DFT) calculations. These techniques directly 
probe the unoccupied partial density of states (conduction band) and occupied partial density of 
states (valence band) and offer a complementary measurement of the band gap. This work sets a 
foundation for a better realization of these compounds in device applications. 
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This thesis is organized as follows. The fundamental operating principles of synchrotron sources 
and the generation of synchrotron light is presented in chapter 2. A short description of the two 
beamlines used in this research is also given. The theory after the X-ray interactions with matter 
is illustrated in Chapter 3 and describes each spectroscopic technique performed in this work. 
Chapter 4 outlines the preparation of the samples studied here in and provides a basic overview of 
experimental as well as theoretical data collection. Results and discussion are presented in Chapter 
5. The details analysis of the measured and simulated spectra along with the electronic structure 
and density of states contribution are described in this chapter. Finally, in chapter 5, the conclusion 














Experimental Facility: The Synchrotron Source 
2.1 X-ray Science and Synchrotron Radiation 
X-rays have become a powerful tool for the investigation of the nature of materials within the two 
decades of its discovery by the German scientist, Wilhelm Conrad Röntgen in 1895. Röntgen was 
awarded with the very first Nobel Prize in Physics in 1901, almost immediately after his discovery 
to recognize the significance of this work. 
The vacuum X-ray tube is the basic source of X-rays in a material and structure analysis laboratory. 
Only a small fraction of electrons kinetic energy is converted into X-rays on impact upon a metal 
anode, the majority being lost as heat and a small proportion of the generated X-rays leaves the 
evacuated apparatus, which is collimated to a narrow beam after removal of unwanted wavelengths 
by diffraction through a monochromator crystal [25]. The weak diffraction efficiency from the 
small crystals further makes the whole process extremely inefficient. One solution to the problem 
is to increase the intensity of the incident X-rays. This can be done by moving the target in its own 
plane which helps to reduce the heat loading and increase the beam intensity. But the moving 
anode sources are more expensive than the conventional X-ray tube and the increase in beam 
intensity is usually less than an order of magnitude, thus the advantages are limited.  
Owing to various shortcomings of conventional X-ray sources, physicists began considering 
alternative sources capable of producing very high intensity X-rays for experimentation. 
Synchrotron is considered to be such a source of intense and monochromatic X-rays suitable for 
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studying electronic and physical structure of materials. The synchrotron radiation was first 
observed by scientists at General Electric (GE) in the United States in 1947 who identified it as a 
source of energy loss in their 70 MeV synchrotron [26]. There are now more than sixty synchrotron 
research facilities all over the world dedicated to using the emitted X-ray radiation for the vast 
range of applications in physics and chemistry to name a few [27]. Synchrotron radiation, a 
relativistic effect that arises from the fundamental physics with accelerated charged particles 
travelling on a curved trajectory emit electromagnetic radiation [28]. When the velocity of an 
electron travelling on a circular path approaches close to the speed of light, the emitted pattern of 
electromagnetic radiation is folded sharply in forward direction and the power increases 
substantially. The radiation produced in the synchrotron source is highly collimated and the 
angular distribution of the beam is in the order of 1 γ⁄ ,  where the relativistic γ is defined as the 
Lorentz factor in terms of the velocity (v) of a particle and the speed of light (c) . The Lorentz 









,                                                                                            (2-1) 
where v is the electron velocity, c is the speed of light, E0 (0.511 MeV) is the rest mass of electron, 
and E is the energy of the storage ring. 
The electrons travelling inside the storage ring emit synchrotron light at the instantaneous power 




,                                                              (2-2)                                                                                
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where I is the current in the storage ring and ρ is the bending radius. Equation (2-2) clearly shows 
that the power emitted from the storage ring strongly depends on the energy of the electrons in the 
beam. This emitted power of radiation can be treated as either a loss mechanism that needs to be 
overcome in order to replenish the electrons energy or as a precious entity that can be used in 
experimental endstation. But this high power in the beam is only one of the characteristics of 
synchrotron radiation; in order to more completely describe the nature of the light and how it can 











Figure 2.1. A pictorial view of a modern synchrotron source with most essential elements. This figure is 
reproduced from reference [30]. 
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Two synchrotron facilities, the Canadian Light Source (CLS) at the University of Saskatchewan, 
Canada and the Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory, 
USA were used in this study, both of which are termed as third generation sources designed to 
emit photons for experimental purposes. The basic design of the above-mentioned synchrotron 
sources is the same. All the synchrotron radiation sources generally consist of the following basic 
components: (1) an electron gun and linear accelerator (LINAC), (2) a booster synchrotron, (3) a 
storage ring, (4) synchrotron radiation beam-lines, and (5) experimental work stations [31]. An 
example of a modern synchrotron light source with the presentation of its basic elements is shown 
in Figure 2.1. The following sections briefly describe the key components of a synchrotron source. 
2.2 Electron Gun and Linear Accelerator (LINAC) 
The primary source of electrons in a synchrotron is provided from an electron gun. The electrons 
are emitted by thermionic emission. As the high current flows through the cathode, some of the 
electrons receive enough energy to leave the surface. As this is taking place, a nearby screen is 
given a short, strong positive charge which pulls the electrons away from the cathode towards the 
LINAC, a very similar process that of a cathode ray tube [32]. In addition, the high potential 
difference applied across the cathode also repels the electrons and accelerates them toward the 
LINAC. 
The LINAC consists of a series of Radio Frequency (RF) cavities that accelerate electrons coming 
from the electron gun to a speed close to that of light. The pulses of electrons produced by the 
LINAC are injected into the booster ring. At the CLS, for example, the LINAC produces pulses 
varying from 2 ns up to 140 ns, which are supplied once per second. After several minutes, enough 
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electrons are accumulated in the storage ring that the synchrotron can operate for several hours 
and the LINAC can be turned off until more electrons are required to refill the ring [32].  
2.3 Booster Ring 
The electrons from the LINAC enter into the booster ring where electrons energy are boosted to 
the operating energy of a facility, for example, 2.9 GeV in case of CLS and 1.9 GeV in case of 
ALS. The major difference between the LINAC and the booster ring is that the electrons pass 
through the RF cavity every time they complete the circular path of the booster ring rather than 
the only once in the LINAC. As a consequence, the circulating electrons in the booster ring receive 
a boost in energy from RF cavity each time they go around.  
At the CLS, as electrons circulate the 103 m booster ring approximately 1.5 million times in 0.6 
seconds, they receive a boost in energy from microwave fields generated in the RF Cavity at 2,856 
MHz to reach a total energy of 2.9 GeV [32]. On the other hand, at the ALS, the electrons make 
1.3 million times revolutions around the booster ring in less than a second to reach their target 
energy of 1.9 GeV.  
Once boosted to full electron energy in the booster ring, electron bunches are periodically injected 
into the storage ring to maintain the current specified for the storage ring. The injection is generally 
performed when the current drops by around 70 % of their initial value. The experiments at the 
beamlines during the injection time are suspended for several minutes referred to as downtime. At 
the CLS, each injection carries 10 mA of current thus several injections are required to reach the 
full operating current of storage ring which is 250 mA. Currently CLS is operating on a 12-hour 
scheduled injection but aiming for the implementation of top-up mode in the near future. In the 
top-up mode, the booster ring operates at the same energy as the storage ring, but importantly, the 
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stored current in the ring is quasi-continuously ‘topped up’ by small injections of electrons, 
allowing uninterrupted user operation [31]. Typically, the storage-ring current is allowed to drop 
by approximately 1mA, or less than a percent, before it is topped-up [31]. The ALS regularly 
operates in a top-up mode where injection occurs every 30-35 seconds to maintain a steady storage 
ring current [33]. 
2.4 Storage Ring 
When the electrons in the booster synchrotron attain the operating energy, they are transferred by 
an injection system to the storage ring where they circulate for several hours. The circulation of 
electrons is maintained by series of magnets namely the dipole or bending magnets, quadrupole 
magnets and sextupole magnets. The circular storage ring is typically the combination of several 
arc shaped sections which are connected by some small straight sections. The bending magnets in 
the arced sections are used to bend the travelling path of electrons causing them to emit photons 
thus producing synchrotron light. On the other hand, the straight sections are used for the insertion 
devices like undulators and wigglers to wiggle the electrons back and forth producing a more 
intense and narrower beam, which is several million times brighter than conventional X-ray 
sources. The brightest light emitted from the synchrotron is allowed to travel through the round 
beam ports in the arc sections down to the beamlines. The electrons loose their energy due to the 
emission of photons, the collision with each other and the remaining particles as the vacuum is not 
perfect. As a result, the electrons energy must be replenished to maintain the storage ring operating 
current either by re-injection or by top-up mode.  
The CLS storage ring has 171 m of circumference containing twelve arced sections and twelve 
straight sections. Each arced section has two dipole magnets and a series of quadrupole and 
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sextupole magnets. The straight sections are used to accommodate the insertion devices. The ALS 
storage ring is 196.8 m in circumference containing the equal curved and straight sections as that 
of CLS. 
2.5 Magnetic Arrangements 
The three types of magnets i.e. bending magnets, undulators and wigglers are said to be the heart 
of a third-generation synchrotron source. These devices attached in the storage ring help producing 
the photons for experimental use in the beamlines. The characteristics of emitted light from each 
device are depicted in Figure 2.2 (a), (b), and (c) for bending magnets, wigglers, and undulators 
respectively. The photon energy vs intensity curve termed as spectral distribution are shown in 
Figure 2.2 (d), for each device. The detailed characteristics of each device are explained in later 
this section. 
2.5.1 Bending Magnets 
A bending magnet is nothing, but a large dipole magnet used to bend the travelling path of electrons 
thus helping them to travel in the circular trajectory of the storage ring. The fixed strength of 
magnetic field of the bending magnets emits a fan of X-rays with an angular distribution on the 
order of  1 γ⁄ ,  as described previously. Though the intensity of radiation is far less than that of 
insertion devices like wigglers and undulators (Figure 2.2), it still can be used effectively for the 
less photon-hungry experimental purposes. 
Radiation from the bending magnet is emitted in a broad horizontal fan which covers a broad range 











Figure 2.2. A comparison of the emission patterns of light from (a) a bending magnet, (b) a 
wiggler, and (c) an undulator. (d) A typical spectral distribution. This figure is reproduced from 
reference [34, 35]. 
 
It is defined as the half power point which separates the radiation spectrum into two halves where 
half the radiated power lies below, and the other half lies above the critical energy. The position 






(T),                                                   (2-3) 
where E is the storage ring energy, B0 is the strength of the magnetic field, ρ is the radius of the 





2.5.2 Insertion Devices 
As the synchrotron source is used by many users at a time, the radiation requires to be tuned 
keeping the overall parameters unchanged of the storage ring so that it does not make any impact 
to other users. Moreover, the radiative power produced by the bending magnet is restricted to the 
applications in narrower frequency range. These requirements are met by placing insertion devices 
in the straight sections of storage ring between the bending magnets in the arc segments. Third-
generation synchrotrons are characterized using beamline specific insertion devices which can 














There are two general types of insertion devices in a synchrotron source: undulators and wigglers. 
They are differentiated from each other by the degree to which the electrons are pushed to deflect 
from a straight path. The insertion devices operate on the force coming from a series of magnets 
shown in Figure 2.3. The magnets produce sufficient magnetic fields which force the electrons to 
follow a series of sinusoidal oscillations in the plane of the storage ring generating significantly 
brighter light than a bending magnet. The geometry of undulators and wigglers can be described 






,                                                                                                 (2-4) 
where B is the strength of the magnetic field at the centre of the insertion device and λu is the 
periodicity of the magnetic array [37]. 
Undulators operate at the unity magnetic deflection, K where the beams of electron receive small 
magnetic deflection with reference to its initial direction of travel from the magnetic array. Due to 
the small deflection, the angular width of the radiated beam is also small. As a result, the radiated 
fields overlap each other, and the constructive interference of certain wavelengths produces a 
narrow spectral peak as shown in Figure 2.2 (d). The undulator equation [34] can be written as 
below by considering the necessary conditions for constructive interference along with the 







+ θ2γ2).                                                                           (2-5) 
The wavelength λn for n
th harmonic depends on the storage ring energy (through γ) and undulator 
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parameters such as periodicity of magnetic array (λu) and magnetic deflection parameter (K). θ is 
the small off axis observation angle.  
In an undulator, since the constructive interference of the radiation fields produce semi-
monochromatic light, the largest part of the power would be radiated at the fundamental 
wavelength (n=1) while only a small power can be radiated for odd higher order harmonics (n=3, 
5, etc). For low K values, the even harmonics are mostly suppressed which is why they are not 
important for the experiments. An undulator with N periods can provide N2 times photon flux than 
a bending magnet due to the summation of coherent light from every single period. Energy 
tunability is one of the most important properties of this insertion device. In Equation (2-4), it is 
possible to adjust the K values by changing the undulator gap which causes the B to be changed. 
A lower undulator gap will provide higher magnetic fields and vice versa, thus providing the 
opportunity to tune the energy of the generated light.  
On the other hand, wigglers have the same design as the undulators which can be considered as a 
series of bending magnets but operate with a high value of magnetic deflection parameter (K >> 
1). For this K value, the high energy light emitted by each period overlaps between the harmonics 
producing a much more intense source than the bending magnet. A wiggler with N periods can 
produce 2N times photon flux than a bending magnet. Moreover, wigglers are suitable to produce 
much higher energy photons due to the K2 dependence in Equation (2-5) than undulators, which 





2.6 Beamline Description 
A beamline consists of a set of instruments which facilitating the use of photons for the 
experiments. Primary interest for a user in a synchrotron facility is its beamline. A beamline has 
generally three distinct sections. The first section is an optical hutch with which the photon beam 
is focused and the wavelengths suitable for the experiments can be selected. The second section is 
an endstation which consists of a sample holder where the sample is placed for measurements. The 
last section is a workstation consists of computers which helps the users to control the mechanisms 
involved with the experiments along with monitor the recorded data.  
The beamlines used in this study are the Resonant Elastic and Inelastic X-ray Scattering (REIXS) 
at the CLS and Beamline 8.0.1 at the ALS have almost similar design as both are used for soft X-
ray spectroscopy. Among the many other optical instruments in a beamline only the 
monochromator will be discussed in the following section. 
2.6.1 The Monochromator  
While insertion devices like undulators and wigglers can be used to produce brilliant radiation 
with a low spectral bandwidth, it is crucial for X-ray spectroscopic measurements to use 
downstream optical instruments to further select for the desired photon wavelength [38]. This job 
is typically accomplished inside the beamline using a monochromator which is comprised of three 
interchangeable gratings help users to diffract the desired wavelength for experiment when 
illuminated by incoming photon. This monochromator also consists of a fixed entrance and a 
movable exit slit that helps to discard unwanted wavelengths. The layout of the beamline 8.0.1 
including the monochromator is shown in Figure 2.4.  
19 
 
Figure 2.4. Layout of the beamline 8.0.1 at ALS including its main components. This figure is 










3.1 Basics of Soft X-ray Spectroscopy 
X-ray is considered to be a powerful tool for investigating the most important properties of the 
nano scale materials due to its comparable wavelengths to the radius of an atom. Moreover, the X-
ray energies cover the binding energies of atoms, which allow further investigation of the core 
level electronic structure of a material which accounts for most of the materials properties from 
color to electrical conductivity to hardness. Soft X-rays (X-rays of energy 50 - 2000 eV) are 
especially suitable for the study of the elements like carbon, nitrogen, and oxygen, which are 
important and earth-abundant elements. In this thesis, the soft X-rays are used to study the 
electronic structure and the density of states of semiconductor materials applying two 
complimentary techniques such as X-ray Absorption Spectroscopy (XAS) and X-ray emission 
Spectroscopy (XES). Both the techniques are explained briefly in the subsequent sections. 
Before going to address the experimental techniques used herein, the photon-matter interaction 
needs to be discussed. When an X-ray photon penetrates into matter, it can be absorbed, reflected, 
refracted, scattered (elastically or inelastically) or transmitted. The soft X-ray spectroscopy 
involves the excitation of a sample with highly monochromatic photon beam emitted from a 
synchrotron source and the various resulting effects are monitored using different types of sensors. 
The first process which is common to all soft X-ray spectroscopic measurements, starts with the 
excitation of a core electron by absorbing an incident photon. The process is shown schematically 
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in Figure 3.1 and 3.2. When an electron in the ground state (Figure 3.1) of an atom is illuminated 
with X-ray photons of energy greater than the binding energy of a core level atomic transition, the 
core electron is promoted leaving a vacant state in the core level. Depending on the incident energy 
and the structure of the corresponding atom, the excitation can either be resonant or non-resonant. 
The resonant excitation process referred as photoexcitation shown in Figure 3.2 (a), where one 





















Figure 3.2. Schematic representation of excitation process. An incident X-ray photon excites the 
core electron into the (a) unoccupied state or (b) completely is removed from the atom.  
 
On the other hand, there is the non-resonant excitation process known as photoionization depicted 
in Figure 3.2 (b), where the electrons ejected to the continuum and completely leave the atom. 
After the photon absorption process, the system will rearrange itself by replenishing the created 
core hole to minimize the total system energy. Following the excitation of core electron, the 
resulting core hole may be filled by an electron either by radiative (Fluorescence) or non-radiative 
(Auger) processes. These two processes are illustrated in Figure 3.3. The radiative process in 
Figure 3.3 (a) where an electron from the occupied states of the valence band decays to fill the 
core hole by emitting a photon. On the other hand, the non-radiative process in Figure 3.3 (b) 




transferring its energy to a nearby bound electron causing the ejection of that Auger electron 
instead of releasing the energy by emitting a photon. Among the radiative and non-radiative 
processes, Auger decay (red curve in Figure 3.4) is more likely for lower atomic number elements, 
which is shown in Figure 3.4 with dotted blue curve. For elements like carbon (C), Nitrogen (N) 
and Oxygen (O) having atomic numbers less than 10, below 1% of the core holes created are filled 













Figure 3.3. Schematic representation of de-excitation process. The created hole in the core can be 
filled by an electron from an outer shell. The excess energy can either be released in the form of 



















Figure 3.4. Fluorescence yield (dotted blue curve) and Auger electron yields (red curve) as a 
function of atomic number for K shell vacancies. This figure is reproduced from reference [40]. 
 
3.2 Selection Rules 
Since not all the radiative transitions from one bound energy state to another are allowed, only 
those are permitted which follow certain selection rules. The selection rules basically define the 
change in atomic quantum numbers which are permitted for the excitation and emission process 
associated with the experimental techniques used herein this thesis. Emission of an X-ray photon 
in fluorescence must be accompanied by a change in the orbital angular momentum indicated as l 
by one, that is ∆l = ±1 [30]. For instance, since the change in angular momentum is zero, transition 
25 
 
from the 3p level to the 2p level is not allowed. The change in total angular momentum, ∆j must 
be 0 or ±1 where j = l ± s for spin s = 1/2. However, a transition between two states both with j = 
0 is not allowed [37]. The change in principle quantum number ∆n has no constraint in a radiative 
phenomenon. The spin does not affect the orbital quantum number and the change in spin quantum 
is, ∆s = 0. Table 3.1 shows the applicable selection rules for different quantum numbers.  
A naming scheme is used in soft X-ray spectroscopy to define a core hole which is refilled creating 
a spectrum. X-ray absorption spectroscopy uses  atomic notation such as 1s to define the core hole 
while X-ray emission spectroscopy uses letters such as K, L, M, N, …… to define a transition with 
respect to the principle quantum number n = 1, 2, 3, 4, …… shell. For instance, a transition between 
2p to 1s state is denoted by the symbol Kα and a transition between 3p to 1s state is denoted by the 
symbol Kβ, and so on [37]. The Greek letter used in the subscript denotes a particular transition 
which proceed alphabetically such as α, β, γ and so on. In Figure 3.5, the transitions from L2,3 to 
K and M2,3 to K results Kα and Kβ lines, respectively. The terminologies of X-ray transition lines 
are shown in Figure 3.5. 









∆l = ±1 
∆j = 0 or ±1 
∆s = 0 
∆mj = 0 or ±1 













Figure 3.5. A typical electron energy level diagram shows the nomenclature of X-ray transition. 
 
3.3 X-ray Absorption Spectroscopy (XAS) 
The X-ray absorption spectroscopy (XAS) was pioneered in the early 20th century, first time used 
to investigate the materials structure with tunable X-ray sources [41, 42]. Wather Kossel has 
demonstrated the first example of 3d to 4f transitions in uranium and thorium in his paper which 
demonstrated the power of XAS to study the atomic structure [43]. From then on, absorption 













Figure 3.6. A typical XAS spectrum and its different regions. This figure is reproduced from 
reference [44]. 
 
An X-ray absorption spectrum is commonly separated into 4 regions : (i) pre-edge in which the 
excitation energy is less than the binding energy, (ii) X-ray absorption near edge structure 
(XANES), where the excitation energy is approximately 10 eV above and below the binding 
energy, (iii) near edge X-ray absorption fine structure (NEXAFS), is defined as the region between 
excitation energy of 10 eV up to 50 eV above the edge, and iv) extended X-ray absorption fine 
structure (EXAFS), which starts approximately from 50 eV and continues up to 1000 eV above 
the edge [44]. All the four regions are depicted in Figure 3.6. The NEXAFS is a test of the empty 
partial density of electronic states (PDOS) of a material whereas EXAFS contains the basic 
structural properties of that material. The measurement of X-ray absorption spectra can be 
performed at a beamline by scanning the incident energy. At the beginning, the incident energy is 













during the scan, the core electron will get excited to the unoccupied bound states. Eventually, as 
the excitation energy keeps on increasing, it will be adequate to remove the core electron 
completely out of the atom which is the reason both the photoexcitation and photoionization 
features remain in the final absorption spectra. Because of the final state rule, the created core hole 
may have a major impact on the absorption measurements compared with emission measurements 
[45]. An excited electron in the unoccupied states of conduction band and a hole formed in the 
core is referred as the final state for an absorption measurement. The absorption calculation is 
therefore a direct examination of the unoccupied states in the presence of a transformed core 
potential. This core hole effect must be taken into consideration while analysing X-ray absorption 
spectra. On the other hand, in the X-ray emission process, an electron that decays down to fill the 
core hole from the occupied states, and in most cases its final state is equal to the ground state. 
Therefore, the core hole in the emission spectrum does not create any major effect. 
The precise way to perform the absorption measurement in a sample is to conduct a transmission 
experiment which involves the intensity measurements of the incident beam of photon before and 
after the interaction. This method provides a clear indication of how well the photons are absorbed 
by the sample. There are three different ways to measure XAS, such as (i) total electron yield 
(TEY), (ii) total fluorescence yield (TFY), and (iii) partial fluorescence yield (PFY), which will 
be discussed in the next section. 
3.3.1 Total Electron Yield (TEY) 
The Total Electron Yield (TEY) is the simplest approach for measuring X-ray absorption spectra 
which depends on measuring the electrons flow from the ground to the sample to replenish the 
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electrons that removed from the sample. The complete setup for the TEY measurement is shown 
in Figure 3.7.   
As mentioned earlier, the non-radiative process occurs when an electron decays down from an 
excited state to recombine with the core hole by transferring its energy to a nearby bound electron 
instead of releasing the energy by emitting a photon. This bound electron, called primary Auger 
electron leaves the sample and inelastic scattering with Auger electrons leads to a secondary 
electron cascade [45] which give rise to the total electron yield (TEY) intensity. The secondary 
electrons with energy greater than the work function can be ejected resulting in a net positive 
charge on the sample. If the sample is now grounded by connecting a pico ammeter in series, a 
current will flow to neutralize the sample which is generally assumed to be proportional to the 











Figure 3.7. Experimental setup for collecting a TEY signal. 
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The electrons created deeper inside the material lose much energy thus unable to overcome the 
work function, making this TEY technique a relatively surface sensitive. So if one is involved in 
researching surface effects or finding surface contaminates, this TEY technique can be helpful. 
But while working with insulating materials, TEY measurements can be difficult because the 
materials can build up a charge that will affect the measurement. 
3.3.2 Total Fluorescence Yield (TFY) 
By using the Total Fluorescence Yield (TFY) method, the problems of TEY technique discussed 
in the previous section can be solved to some extent though has some shortcomings as well. The 
TFY technique is the measure of the radiative photons generated during the de-excitation process 
after the incident X-ray photon is absorbed by the sample differs from the TEY technique which 
depends on the Auger emission where an electron carries the energy of the excited state. TFY is 
known to be a bulk sensitive probe compared with surface sensitive TEY technique. The advantage 
of the TFY technique is that it has a greater escape depth, as photons travel further than electrons. 
This is due to the mean free path of photon which is on the order of 100 nm at 1000 eV, whereas 
the electrons escape depth is no more than a few nanometers [41]. Additionally, TFY is the 
technique of interest where charging of sample is not a significant issue while dealing with highly 
resistive materials. To measure the TFY signal, a channeltron detector is used to detect the emitted 
photons irrespective of the photon energy. The detector is mounted in the main chamber close to 
the measuring sample. When an outgoing photon hits the detector, a free electron will be created 
and accelerated by a large applied potential. This accelerated electron excites the other electrons 
along its travel path. The measurement of this cascade of electrons provides the relative absorption 
of the incoming photons. 
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3.3.3 Partial Fluorescence Yield (PFY)  
The third approach to record a XAS signal is the measurement of partial fluorescence yield (PFY) 
of a sample. Unlike the TFY technique, here a spectrometer is used as a detector to detect the 
photons avoiding the need for an additional bias. The spectrometer can be tuned to collect the 
photons for a certain transition which would provide the additional information of interest. The 
drawback of this technique is that a significant number of photons are lost since the photons have 
to pass through an entrance slit and a grating of the spectrometer. By increasing the incident photon 
flux, the issue of low emitted photon flux can be mitigated somewhat. But it requires longer count 
times to acquire an acceptable PFY signal.   
3.3 X-ray Emission Spectroscopy (XES) 
X-ray emission spectroscopy (XES) is said to be the complimentary technique to X-ray absorption 
spectroscopy (XAS) where the absorption measurements of a material provide the information of 
the unoccupied density of states (in the conduction band) and the emission measurements provide 
the picture of partial occupied density of states (in the valence band). The first step of the emission 
spectrum measurement process is the creation of a core hole by interacting a photon with the 
sample which is similar to the absorption measurements. But unlike the absorption measurements, 
here an energy-dispersive detector collects the fluorescent X-ray energies emitted by the decay 
transitions keeping the incident energy fixed and a wide range of fluorescence energies can be 
examined [46]. By monitoring the photons with energies corresponding to the decays of electrons 
from higher occupied states with an energy-dispersive detector, the XES measurement is 
performed. This decay process results in an occupied core state and a hole in the valance band. 
According to the final state rule, the density of states in the valence band does not get distorted 
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since there is no core hole effect. Since the hole in the valence band has negligible effect on the 
sample, XES offers an accurate measurement of the occupied states.  
X-ray emission spectra can be collected in two different ways either in the form of non-resonant 
X-ray emission spectroscopy (NXES) or in the form of resonant X-ray emission spectroscopy 
(RXES). Both measurements involve in the promotion of a core electron and the measurement of 
the radiation during the relaxation process of an electron from higher energy to lower energy state. 
In non-resonant X-ray emission spectroscopy, the excitation energy of the element of interest is 
set well above the binding energy of core electron so that it is excited directly to the continuum 
instead of in the bound unoccupied states. This is in contrast with resonant X-ray emission, where 
the energy of the incoming photon is such that it excites the core electron to the bound unoccupied 
states rather than the continuum. RXES spectra are collected after performing an absorption scan 
in order to determine the energies at which the resonant features are located. Having determined 
the feature locations, the excitation energy is tuned to record the RXES spectra at a specific 
resonance. 
To record an emission spectrum, a high energy resolution spectrometer is required in order to 
distinguish the emitted X-ray photons of various energies. In doing so, the high-resolution 








Sample Preparation and Data Collection 
4.1 Sample Preparation 
The compounds (Mg2PN3, Zn2PN3 and BP3N6) presented in this chapter were prepared by 
members of Wolfgang Schnick’s research group (our collaborator), specifically Mathias 
Mallmann, Sebastian Vogel and Stefan J. Sedlmaier in the Department of Chemistry at the 
University of Munich (LMU) in Germany. The following sections outline the preparation and 
measurement of the samples. 
4.1.1 Synthesis of Mg2PN3 
The first synthesis of Mg2PN3 was reported in 1982 by R. Marchand and Y. Laurent in the 
reference article [47]. They prepared the Mg2PN3 from the mixture of Mg3N2 and P3N5. It 
crystallizes with orthorhombic symmetry, having space group Pna21, containing unit cell 
parameters a = 9.759 (5), b = 5.635 (3), c= 4.743 (3) Å, Z= 4 [47]. It has been identified as the first 
example of PN4 tetrahedra in a normal tetrahedral structure type with ordered Mg and P atoms 
[47].  
In 1997, Wolfgang Schnick and co-workers published an article based on the synthesis of Mg2PN3 
compound in the reference article [9]. They showed that the structural data published by Marchand 
et al. was inconsistent which did not allow an acceptable conclusion for the existence of the P-N  
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substructure. In addition, the space group did not show the clear indication of the space community 
[9]. For these reasons, a thorough review of the structural data was required. In the article [9], 
Schnick and co-workers reported the pure representation and structural investigation of Mg2PN3 
and proposed for the first time a possible structure for Mg2PN3 [9]. They have synthesized Mg2PN3 
by the reaction of the respective metal nitrides with P3N5 at 800 ºC. The products have been 
obtained as fine crystalline powders. The crystal structure of Mg2PN3 has been determined on the 
basis of powder diffraction data with cell parameters a = 972.64(8), b = 564.30(5), c = 473.02(2) 
Å, Z = 4 [9]. They obtained the space group of Mg2PN3 as Cmc21 which is different than the 
previous study. 
Since the high quality and acceptable sizes are required for the applications of these compounds 
into semiconductor technologies, it is mandatory to have a suitable method for the synthesis and 
crystal growth like high quality GaN [48]. But the bulk synthesis is the key challenge of these 
compounds since it requires extremely high temperature and high pressure. For instance, the bulk 
synthesis of ZnSnN2 can only be synthesized in microcrystalline form at pressures above 5.5 GPa 
[49]. The ammonothermal process has become a suitable method which was successfully used to 
synthesize ZnSiN2, ZnGeN2 as well as other nitrides including nitridophosphates with crystallites 
in the micrometer range [50-53]. 
The powdered crystals of Mg2PN3 used in this thesis for the XAS and XES measurements along 
with the calculations, was recently synthesized by Mathias Mallmann et al. Air sensitive Mg2PN3 
was synthesized under ammonothermal conditions (T = 1070 K, P = 140 MPa) starting from Mg, 
P3N5, and NaN3 using high-temperature autoclaves. Colorless and transparent micro crystalline 
powder of Mg2PN3 were obtained for the first time [8].  
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The alkali metal azides (NaN3, KN3) decompose during reaction and form in situ the corresponding 
alkali metal amides (NaNH2, KNH2), acting as ammonobasic mineralizers. They increase the 
solubility of the other starting materials in ammonia by the formation of soluble intermediate 
species [52, 54]. Further details about the synthesis method and the characterization of crystal 
structure of this material can be found in the reference [8]. 
4.1.2 Synthesis of Zn2PN3 
In 1986, it was attempted to synthesise Zn2PN3 immediately after the concept of a silicate-
analogous compound class of nitridophosphates was invented. Around that time, the classical 
method was implemented at high temperatures using solid-state reactions starting from binary 
nitrides but ended up without any success. 
Later in 2011 phase-pure zinc catena-polynitridophosphate Zn2PN3 was synthesized by Stefan J. 
Sedlmaier et al. [7]. The most challenging part was the synthesis of this zinc nitridophosphate in 
the sense of limited thermal stability as well as having low decomposition temperature of one of 
the starting materials P3N5. They have been able to successfully synthesize the colorless 
microcrystalline powder of Zn2PN3 using multi-anvil assembly at high pressure and high 
temperature conditions [7]. The starting materials used for the purpose of synthesis Zn2PN3 were 
pure zinc, P3N5 and the alkali metal azides. The azide route proved to be promising in the synthesis 
of nitridophosphates because of high purity of azides and their chemical stability in air compared 
to alkali metals or amides. The chemical reactions in preparing Zn2PN3 are given below: 
P3N5→3PN+N2,                                                                                                                (4-1) 
P3N5+2Zn3N2→3Zn2PN3.                                                                                           (4-2) 
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Zn3N2 was used in the Equation (4-2), needs to be stabilized beside P3N5 [7]. The decomposition 
of Zn3N2 as well as P3N5 was prevented by applying a high-pressure of 8 GPa and thereby 
synthesizing the desired Zn2PN3 at around 1200 ºC.  
In contrast to the previously published synthesis method, recently Mallmann et al. reported the 
ammonothermal synthesis of Zn2PN3 which was conducted at lower temperatures (T = 800 K) and 
pressures (p = 200 MPa) starting from Zn, P3N5, and KN3 [8]. However, the lower temperature 
results in submicron-sized crystallites of the product, because higher temperatures are needed for 
improved crystal growth. To overcome this issue, higher pressures seem to be required as already 
demonstrated in the literature [7], which is not feasible with the current autoclave. More details 
about the synthesis method and the characterization of crystal structure of this material can be 
found in the reference articles [7, 8]. Details of cell parameters and space group of Mg2PN3 and 
Zn2PN3 are listed in Table 4.1. 
4.1.3 Synthesis of BP3N6 
Unlike the metallic nitrides Mg2PN3 and Zn2PN3, the non-metal nitridophosphate BP3N6 has been 
barely studied. Due to its exciting material properties such as high thermal or mechanical stability, 
photo-catalytic activity and chemical inertness [6, 55, 56], Vogel et al. investigated on the 
synthesis approach of BP3N6 which they published in the reference article [10]. In that article, they 
reported the discovery of the BP3N6, obtained during explorative investigation of phosphorus 
nitrides employing reactive P/N precursors [10]. In a crucible of h-BN; (PNCl2)3, NH4N3, and 
NH4Cl reacted at high pressure and high temperature conditions thus resulting the desired BP3N6. 
The problem associated with the synthesis of this nitridophosphate was the decomposition of P/N 
compounds. According to the theory of Le Chatelier, the high temperature helps NH4N3 to 
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dissociate into N2 and NH3, creating high partial pressure of N2, which eventually prevents the 
decomposition of targeted P/N compounds [10]. In Equation (4-3), (PNCl2)3 was used for the 
purpose of forming one of the starting materials P3N5 and NH4N3 employed as a mineralizer for 
the growth of BP3N6. The equation is given below according to [10] : 
2(PNCl2)3+ 3NH4N3+2 h-BN→2BP3N6+12HCl+4N2.                                  (4-3) 
Powdered samples of BP3N6 were obtained according to the reaction in Equation (4-3) by the 
compression of starting materials at 8 GPa heated to 1100 ºC in a multianvil apparatus [10]. The 
crystal structure of BP3N6 was determined using X-ray diffraction method and the acquired data 
are listed in Table 4.1.  
Table 4.1.  Crystallographic data of Mg2PN3, Zn2PN3 and BP3N6 obtained from single crystal X-
ray diffraction [8, 10]. 
Formula Mg2PN3 Zn2PN3 BP3N6 
Space group Cmc21 (no. 36) Cmc21 (no. 36) P21/c (no. 14) 
a [Å] 9.50545 (4) 9.4177 (5) 5.0272 (11) 
b [Å] 5.64482 (2) 5.4399 (3) 4.5306 (12) 







4.2 Data Collection 
4.2.1 XAS and XES Measurements 
Synchrotron-based soft X-ray spectroscopy is a powerful tool to determine the band gap of 
semiconductors [57]. Third-generation synchrotrons have the capability to produce highly parallel 
and narrow beams of X-rays with high intensity [58]. Moreover, the energy tunability feature of 
synchrotrons has made it a unique tool for studying the electronic structure of any material. 
The synchrotron-based X-ray absorption and X-ray emission measurements of Mg2PN3, Zn2PN3 
and BP3N6 were performed at the Canadian Light Source (CLS) in Saskatoon, Canada as well as 
at the Advanced Light Source (ALS) in Lawrence Berkeley National Laboratory, USA. The 
REIXS beamline [59] at CLS was used to record the N 1s edge XAS spectra while the N Kα XES 
spectra were recorded at 8.0.1 beamline [60] of the Advanced Light Source. The absorption spectra 
were measured in total fluorescence yield (TFY) mode. The REIXS beamline has a 
monochromator resolving power (E/ΔE) of about 8000 which translates to an energy resolution of 
0.05 eV at an energy of 400 eV for XAS. The resolving power value for the Rowland circle X-ray 
spectrometer at beamline 8.0.1 is about to 800 which corresponds to an energy resolution (ΔE) of 
0.5 eV for XES measurements at an energy of 400 eV.  
The powdered sample of Zn2PN3 was pressed into indium foil before being placed into the sample 
transfer chamber, which was initially filled with dry N2, then evacuated for the measurements [61].  
On the other hand, the air and moisture sensitive samples of Mg2PN3 and BP3N6 were kept inside 
a glass tube under argon atmosphere after synthesis to prevent surface oxidation. The samples were 
then mounted under argon atmosphere in a glovebag and loaded into the main chamber for 
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measurements without exposure to air. Measurements were performed at ultra-high vacuum on the 
order of 10-7 Torr or better than that. All the measured spectra were normalized to the incident 
photon flux current using a highly transparent gold mesh in front of the sample to measure the 
intensity fluctuations in the photon beam [62]. Hexagonal boron nitride (h-BN) was used for the 
purpose of calibrating the energy of the XAS spectrum. The peak at 402.1 eV of h-BN was taken 
as a reference for calibrating XAS spectrum while the XES spectra were energy calibrated 
employing the elastic scattering peaks. 
4.2.2 Density Functional Theory (DFT) Calculations 
A fundamental understanding of materials on an atomic level dimension requires a quantum 
mechanical description of the solid and thus relies on the calculation of the corresponding 
electronic structure [63]. Density functional theory (DFT) is a popular approach to perform such 
calculations, where the many body problem of interacting electrons and nuclei is mapped onto a 
one electron reference system that in most cases sufficiently models the system [63, 64]. WIEN2k 
is a commercially available software package employing density functional theory for which 
experimentally determined crystal structures were used as input to perform different calculations. 
The crystal structure of Mg2PN3 is essentially the same as that of Zn2PN3, both have the same 
space group of Cmc21 (no. 36) while the BP3N6 has a space group of P21/c (no. 14). In this thesis, 
the band structure, DOS, XAS, and XES spectra of M2PN3 (M=Mg, Zn) and BP3N6 were simulated 
using the WIEN2k code. While the calculations in WIEN2k using the generalized gradient 
approximation (PBE-GGA) by Perdew, Burke and Ernzerhof significantly underestimate the band 
gap, the modified Becke-Johnson (mBJ) exchange potential was used to gain a more appropriate 
estimation of band gap. The atomic sphere radii for all cases were chosen such that they were 
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nearly touching, and RMT
minKmax=7 (R is the radius of sphere and K is the reciprocal radius vector) 
was used for the expansion of basis set [65]. An important feature of this software package is the 
ability to calculate XAS and XES spectra, which allows for a detailed comparison with experiment. 
The spectra were calculated by multiplying the relevant atomic and partial density of states with 
the dipole transition matrix and a radial transition probability [66]. The calculated XAS and XES 
spectra were broadened using the combination of Lorentzian as well as Gaussian functions to 
mimic the core hole lifetime broadening and the instrumentation-related broadening, respectively 
[65]. The calculated XAS spectra are perturbed when a core electron is excited to the unoccupied 
states leaving a core hole in the valence band. Since the final state in absorption is not a ground 
state, this perturbation effect is taken into account by removing a core electron from one of the 
nitrogen atoms in a supercell of 2 × 2 × 1 for M2PN3 (M=Mg, Zn) and 2 × 1 × 1 for BP3N6 and 












Results and Discussion 
5.1 Metallic Nitridophosphate, M2PN3 (M=Mg, Zn) 
5.1.1 N K-edge Spectra of Mg2PN3 
This section starts with the comparison of experimental XAS and XES spectra with the 
calculations for Mg2PN3. The N Kα XES and N 1s XAS spectra for Mg2PN3 are shown in Figure 
5.1 alongside with DFT calculated spectra. At first the XAS spectra (top right panel) of Mg2PN3 
are discussed and then the XES spectra (top left panel) will be discussed. 
Excellent agreement is observed between the measured and calculated X-ray absorption spectra. 
The experimental absorption spectrum was collected in the bulk sensitive total fluorescence yield 
(TFY) mode shown in Figure 5.1 on the top right panel in red. The main features of the measured 
XAS spectrum are labeled through I to V and the different colored downward arrows upon the 
measured XAS spectrum indicate the excitation energies at which the XES spectra (top left panel) 
were collected. 
The calculated XAS spectra for two non-equivalent sites of N atom are also depicted for core hole 
(CH) calculations. The total calculated spectrum is obtained for core hole (blue) displaying linear 
combination of individual spectrum of the two non-equivalent N sites (N1 and N2) in Mg2PN3. 
The calculated ground state spectrum is also shown in green color. Comparing the experimental 
and calculated XAS spectra, it is concluded that the overall agreement with the core hole spectrum 
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is excellent. All five features labeled I to V of the experimental (TFY) spectrum are reproduced in 
the calculated core hole spectrum. The intensities of all the features are quite similar. The 
individual contribution on the features is determined using the calculated core hole spectrum of 
N1 (pink), N2 (black), and the partial density of states of coordinating atoms (Mg and P). 
The p states of all four atoms (Mg, P, N1, and N2) in the crystal structure uniformly contribute to 
the features I and III (401.6 and 405.6 eV, respectively). According to the calculated core hole 
spectrum of N1 (pink) and N2 (black), the contribution in features II and IV (404.8 and 410.5 eV, 
respectively) stem from the p states contribution of N2. The peak at energy 420.4 eV labeled as 
feature V originates from the d states contribution of Mg.  
Having discussed the features of XAS spectra of Mg2PN3, the XES spectra in the top left panel of 
Figure 5.1 are now addressed. Based on the excitation energy, the emission spectra can be divided 
into two categories. Spectra with excitation energies near the threshold of the conduction band are 
referred to the resonant X-ray scattering spectra (RXES) where the non-resonant X-ray emission 
(NXES) spectra are those which are excited at energies well above the conduction band edge. 
The calculated non-resonant spectrum (green) of Mg2PN3 agrees very well with the measured non-
resonant emission spectrum (red). This agreement justifies the crystal structure used for the 
calculation and the one-electron picture without significant electron correlation. XES spectra in 













Figure 5.1. (Top left panel) Experimental and calculated N Kα XES spectra of Mg2PN3 for 
different excitation energies. NXES spectrum (red) excited at 420.4 eV and RXES spectra 
(magenta, orange, cyan, and violet) collected at excitation energies of 400.2, 400.6, 401.1, and 
404.8 eV all of which are compared with the ground state (GS, green) calculation. (Top right panel) 
Experimental TFY (red) is compared with the core hole (CH, blue) and the ground state (GS, 
green) calculations of N 1s XAS spectra. Separate calculations of the two non-equivalent sites of 
N (N1 and N2) are shown to understand their individual contributions to both, XES and XAS 
spectra. Different colored downward arrows on the absorption spectrum indicate the excitation 
energies for RXES and NXES spectra. (Bottom left and right panel) Second derivative of 
experimental XES and XAS spectra with the corresponding peaks of valence band and conduction 
band onsets indicated by blue arrows. 
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The resonant excitation energies at 400.2 eV (magenta) and 400.6 eV (orange) excited along the 
conduction band edge results similar emission spectra. But the spectrum excited at 401.1 eV (cyan) 
is quite interesting because of an additional peak labeled as f. This could be because of several 
reasons. The two non-equivalent sites of N are one of them and the other reason could be due to 
excitation near the main peak at II. If this is because of the two non- equivalent sites, then it is 
obvious to expect this feature in other excitation energies as well. But this feature vanishes at all 
other energies including the energies near the main peak at II. So, both possibilities are excluded. 
The spaghetti like bands could be the reason to give rise such a prominent peak like feature f. The 
resonant excitation energy at 404.8 eV selectively excites the N2 site for which the violet color 
emission spectrum resembles to some extent the ground state calculation of N2 site (black). 
Now these (400.2, 400.6, and 401.1 eV) RXES spectra will be used, which are excited along the 
conduction band edge to experimentally determine whether the Mg2PN3 has a direct or indirect 
band gap. The RXES process obeys the momentum conservation and momentum transfers are 
negligible for the soft X-ray photons and our scattering geometry. This confines that only valence 
band electrons with the same wave vector as the excited electron in the conduction band can fill 
the core hole. These decay processes lead to the k-conserving part of the RXES spectrum [67, 68]. 
For direct band gap materials, the RXES spectrum containing the highest emission energy is 
obtained by the lowest incident photon. On the other hand, for an indirect band gap material, the 
highest emission energy is obtained for excitation at some higher excitation energy with respect to 
the lowest incident photon as the k-conservation means that decays from the valence band 
maximum will not be detected for the lowest incident photon energies. The vertically dotted red 
line in Figure 5.1 (top left panel) indicates that the highest emission energy is observed for higher 
excitation energies with respect to the lowest excitation energy. This is a signature of the indirect 
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band gap of Mg2PN3 [67, 68]. On the other hand, the non-resonant emission spectrum excited at 
420.4 eV (red) has five features indicated as a to e, all of which are matched very well with the 
calculated ground state (green) spectrum. Feature a is responsible for the contribution of 2p states 
of the N2 site while all other features from b to e are contributed from the 2p states of N1 site. 
5.1.2 Band Gap Determination of Mg2PN3 
Now the gap between the valence band (VB) and the conduction band (CB) edge is determined by 
applying the second derivative on the measured XES and XAS spectra shown in the bottom two 
panels of Figure 5.1. This method is unambiguous and yields more reproducible band gap values 
than the conventional linear extrapolation method. Selecting the first maximum (indicated by the 
blue horizontal arrow) above the noise level in the second derivative curve on the bottom panels 
of Figure 2, a gap of 5.2 eV between VB and CB edges is obtained. Since the N 1s core hole in the 
final state of the XAS measurement distorts the unoccupied density of states, this effect needs to 
be taken into account in determining the corrected band gap. The shift in the calculated core hole 
is determined from the energy difference between the conduction band onsets of core hole 
spectrum and the ground state spectrum. For Mg2PN3, a 0.1 eV shift is observed resulting in a final 
experimental band gap of 5.3 ± 0.2 eV. The 0.2 eV uncertainty in energy stems from the energy 
calibration, the monochromator, and the spectrometer resolution.  
This experimental band gap is in excellent agreement with the calculated band gap of 5.4 eV using 
the mBJ exchange correlation potential but differs from the calculated gap of 3.7 eV using PBE-
GGA, which is known to underestimate the band gap [69-71]. The band gap obtained in this study 




5.1.3 N K-edge Spectra of Zn2PN3 
Having addressed the band gap and the detailed comparison of measured and calculated spectra of 
Mg2PN3, a similar approach is used to discuss Zn2PN3. Figure 5.2 displays the measured XES and 
XAS spectra of Zn2PN3 alongside with simulated spectra. The experimental XAS spectrum (red) 
on the top right panel of Figure 5.2 agrees quite well with the calculated one. Three key features 
are indicated as I to III on the measured TFY spectrum, most of them are matched with the 
calculated core hole (blue) spectrum while having some deviations with ground state (cyan) 
calculations.  
Feature I in the experimental spectrum has almost equal contributions from the p states of the two 
non-equivalent N sites and P. The small shoulder on the feature II observed in both experiment 
and core hole spectra, stems from the contribution of p states of N2 site. The contribution in feature 
III stems from the hybridization of d states of P and p states of N1 atom. Among the three features, 
two of them are exactly matched between the core hole and the experimental spectra but feature I 
has better agreement between the experiment and the ground state calculation. A sharp rise in the 
CB edge is seen in both measured and calculated core hole spectra but the ground state spectrum 
shows a relatively flat CB edge.  
As mentioned earlier, the emission spectra can be divided into two categories, RXES and NXES. 
The calculated non-resonant spectrum of Zn2PN3, agrees well with the measured non-resonant 
emission spectrum justifying the validity of the crystal structure of Zn2PN3, which was used as 







Figure 5.2. Comparison of experimental XES (left) and XAS (right) spectra with calculated 
spectra of Zn2PN3. The lower two panels show the second derivative applied to the experimental 
XES and XAS spectra with the corresponding maxima indicated by the blue arrows determining 




Both the resonant and non-resonant XES spectra are shown in the top left panel in Figure 5.2. 
Although Zn2PN3 has two crystallographically independent nitrogen sites, the calculated pDOS 
for each site is almost identical throughout the conduction band. For that reason, it was not possible 
to excite one site predominantly and both sites are leading to indistinguishable emission spectra. 
The excitation energies for the RXES spectra were 401, 402, and 404 eV while the NXES spectrum 
was collected at 440 eV. The exact positions for these excitation energies are indicated by blue, 
orange, black, and red colored downward arrows on the measured XAS spectrum (top right panel 
- red) in Figure 5.2. Although the excitation energy is increased from 401 to 404 eV, there is no 
noticeable difference between them, only the elastic peaks are shifted. But the intensity of two 
small peaks before the main peak decreases with an increase in excitation energy from 404 to 440 
eV. There are three main features labeled as a to c in the NXES spectrum (red) at 440 eV. The 
individual atomic contribution to the features a to c are explained with the help of two calculated 
spectra (magenta and green) of the non-equivalent N sites. Feature a stems from the 2p states 
contribution of the N2 site while feature b is contributed by 2p states of the N1 site. Feature b is 
more prominent in the ground state calculation but almost vanishes in the measured emission 
spectrum. This could be because of the 3d state contribution of Zn in calculated emission spectrum. 
The contributions on the main peak referred as feature c stem from 2p states of N1 site. 
5.1.4 Band Gap Determination of Zn2PN3 
Now the experimental band gap of Zn2PN3 is determined using the previously discussed second 
derivative approach. The second derivative is applied to the non-resonant XES (440 eV) and XAS 
spectrum displayed in the bottom two windows of Figure 5.2. A separation of 4.1 ± 0.2 eV between 
the VB and CB onsets is measured, resulting an overall band gap of 4.2 ± 0.2 eV with considering 
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the 0.1 eV shift in the core hole. The band gap of Zn2PN3 determined using PBE-GGA is 2.6 eV 
and as expected much lower than the experimental value. For a more appropriate band gap, the 
mBj calculation is also performed, which yields a band gap of 3.9 eV. The band gap of Zn2PN3 
available in the literature (3.7 eV) [8] using diffuse reflectance spectroscopy which is close to the 
measured and mBj-calculated band gap. The data in Figure 5.2 do not allow to unambiguously 
decide whether the gap is direct or indirect. A summary of the band gaps of the two materials 
studied herein this section is shown in Table 5.1. 
Table 5.1. Measured, calculated and previously reported band gaps for M2PN3 (M=Mg, Zn). The 
experimental band gaps are denoted by Eexp, calculated band gaps are denoted by EPBE-GGA and 
EmBj. 
Compound Eexp [eV] EPBE-GGA [eV] EmBJ [eV] Literature [8] [eV] 
Mg2PN3 5.3 ± 0.2 3.7 5.4 5.0 
Zn2PN3 4.2 ± 0.2 2.6 3.9 3.7 
 
5.1.4 Band Structure and Density of States of M2PN3 (M=Mg, Zn) 
In this section, the mBJ calculated band gap and the PBE-GGA calculated density of states of the 
Mg2PN3 and the Zn2PN3 are explained in order to deliver a more detailed picture.  
The calculated band structure and the density of states of Mg2PN3 are depicted in Figure 5.3 (a) 
and (b), respectively. The band structure of Mg2PN3 predicts an indirect band gap, which is also 
determined experimentally in the previous section. The k-path used in our study is derived using 
reference [72]. The valence band maximum lies somewhere in between the Γ and the Z point of 
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the Brillouin zone while the conduction band minimum is located at the Γ point resulting an 
indirect band gap of 5.4 eV. The energy scale is set with respect to the Fermi energy, EF (0 eV). 
As the Fermi level lies in the valence band, it can be predicted that the conduction in Mg2PN3 
would be due to the p-type charge carriers [73]. 
The agreement between the measured and calculated XAS and XES spectra of Mg2PN3 offers 
experimental support for the calculated density of states, which is discussed in more detail using 
Figure 5.3 (b). The calculated density of states of two non-equivalent N sites and the other atoms 
coordinating with them are shown in Figure 5.3 (b). The density of states in the valence band of 
Mg2PN3 can be divided into two sub bands: (i) the lower valence band (-10 eV to -7.5 eV) and (ii) 
the upper valence band (-7 eV to 0 eV). The lower valence band has a large contribution from the 
N2 2p states while N1 2p states contribute throughout the upper valence band. The contribution of 
the coordinating atoms (Mg and P) are almost negligible in the entire valence band. As it is seen 
in Figure 5.3 (a) and (b), the conduction band contains relatively few states from 5.5 to 7 eV. The 
N1, N2, P, and Mg p character dominate the conduction band from 7 to 20 eV. After this energy, 
the N1 and N2 p states contribution starts to decrease, and the Mg d states become more prominent. 
The d states contribution of P is negligible in the upper conduction band.   
Like Mg2PN3, the calculated band structure and density of states of Zn2PN3 are shown in Figure 
5.4 (a) and (b). The k-path used for Zn2PN3 is essentially the same as the Mg2PN3. The work in 
reference [8] used a different k-path than this study pointing the maximum and minimum energy 
value at the same Γ point, concluding that Zn2PN3 is a direct band gap material. But the conduction 
band minimum and the valence band maximum are found to be at Γ as well as Δ, respectively.  As 
the two points are not at the same crystal momentum, one would conclude that Zn2PN3 has an 












Figure 5.3. Calculated band structure and partial density of states (pDOS) of Mg2PN3 using the 
mBJ exchange potential. (a) Calculated band structure: The indirect transition between the 
conduction band minimum (at Γ point) and the valence band maximum (in between the Γ and Z 
point) is shown by a blue arrow. The edge of the valence band is set to EF (0 eV). (b) The partial 
density of electronic states are shown for the respective elements N1, N2, P, and Mg along with 
the symmetry of the wavefunction. The pDOS value of each character for Mg and P are increased 
by a factor of 5. 
 
Figure 5.4 (b) shows the total and partial density of states of Zn2PN3 which will be discussed now. 













Figure 5.4. (a) The band structure and (b) calculated partial density of states (DOS) of Zn2PN3. 
 
band (-11 eV to -8 eV), (ii) the middle valence band (-8 eV to -4 eV), and (iii) the upper valence 
band (-4 eV to 0 eV). The lower part of the valence band is dominated by the contribution of 2p 
states of N2 site. The hybridization of the highly localized Zn 3d states with the N1 2p states is 
seen in the middle part of the valence band. At the upper valence band near the Fermi level (0 eV), 
the contributions stem from 2p states of the N1 site. On the other hand, the total density of states 
in the conduction band is almost evenly distributed between the p states of phosphorus (atom P) 
and the two non-equivalent N sites while the contribution of Zn is almost zero. 
P, and N both have valence electron configuration of s2p3, while Mg has s2, and Zn has d10s2. For 
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both crystals, there are four-unit formula per unit cell [8]. Hence the total valance electrons in a 
unit cell is 96 for Mg2PN3, and 156 for Zn2PN3. Including spin degeneracy, it is expected that the 
total number of energy bands within valence band to be 48 for Mg2PN3, and 78 for Zn2PN3. 
Contribution of N s electrons for both materials is well below the Fermi level between -18.8 eV to 
-16.2 eV and are not shown in Figure 5.3 (a) and Figure 5.4 (a). Figure 5.3 (a) shows 18 bands for 
Mg2PN3 and Figure 5.4 (a) shows 51 bands for Zn2PN3, which is fewer than expected due to the 
energy degeneracy of the bands and as stated above because some bands lie well below the Fermi 
level. N p-states contribute throughout the VB near the Fermi level (0 eV to -10 eV) but there is 
weak admixture of N s states with N p states in the lower VB (-7 eV to 0 eV). 
5.2 Non-metallic Nitridophosphate, BP3N6 
5.2.1 N K-edge Spectra of BP3N6 
Unlike the metallic nitridophosphates, Mg2PN3 and Zn2PN3, this BP3N6 has a complex crystal 
structure in terms of number of atoms per unit cell. While the Mg2PN3 and Zn2PN3 has only two 
non-equivalent nitrogen sites, BP3N6 has six non-equivalent nitrogen sites which make it more 
complex to calculate the X-ray absorption and X-ray emission spectra. The N K-edge spectra of 
BP3N6 were collected instead of B since N XES measurements offer a very sharp peak which is 
ideal for choosing the valence band onset while applying the second derivative. However, the 
choice of N spectra in the case of BP3N6 complicates the problem of displaying the calculated six 
non-equivalent N sites. For that reason, the importance of non-equivalent N sites is discussed using 





Figure 5.5. Measured and simulated N 1s XAS (top right Panel) and N Kα XES (top left panel) 
spectra of BP3N6. Valence band (bottom left) and conduction band (bottom right) onsets are 
determined applying the second derivative on the experimental XES and XAS spectra. 
 
The N 1s XAS spectra of BP3N6 are displayed on the top right portion of Figure 5.5. The absorption 
spectra of each non-equivalent N site are simulated separately for both core hole and the ground 
state and then added together to get the entire solid-state absorption spectrum.  
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The core hole and the ground state spectra of BP3N6 are displayed in blue and green color 
respectively on the top right panel of Figure 5.5 which are linear combination of six non-equivalent 
N sites.  
The experimental absorption spectrum is collected in TFY mode shown in red color. As described 
in the experimental section, the XAS spectra have been normalized to the incident photon flux. 
The general behaviour and four key features denoted as I through IV on the experimental TFY 
spectrum are reproduced in the calculated core hole spectrum. The spectral feature I at 402.6 eV 
arises from the p states contribution of P1 atom. Feature II and III at 406.4 eV and 408.9 eV 
respectively, stem from the mixture of s states of N2 and p states of B. Finally, the feature IV at 
417.3 eV results from the p states of B and the d states of P1. 
The top left panel of Figure 5.5 displays the measured and calculated XES spectra. Six 
crystallographic distinct N sites in the crystal structure of BP3N6 made it difficult to excite a 
particular site predominantly. Despite having six non-equivalent site of N, the individual emission 
spectra are almost indistinguishable from each other. The resonant emission spectra of BP3N6 were 
measured at 400.7 eV, 401.1 eV, 401.6 eV, and 408.8 eV all of which show the similar spectral 
feature. The non-resonant emission spectrum excited at 423.1 eV agrees well with the calculated 
ground state spectrum. Feature a in the experimental spectrum originates from the 2p states of N6 
atom while the features b and c stem from 2p states of N1 and N2 atom. Most of the contribution 
on the main peak b at 398.3 eV are derived from the 2p states contribution of N5 and N6. 
As discussed earlier, the RXES spectra excited along the conduction band edge can be used to 
determine whether the band gap is direct or indirect. Here, the RXES spectra excited at 400.7 eV, 
401.1 eV and 401.6 eV show that the highest emission energy occurs at higher excitation energy. 
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This is shown drawing a vertically dotted red line in the top left panel of Figure 5.5. Therefore, the 
band gap of BP3N6 is indirect.  
5.2.2 Band Gap Determination and Band Structure of BP3N6 
The experimental band gap of BP3N6 is now determined using the second derivative approach 
discussed above for the other two samples, Mg2PN3 and Zn2PN3. Applying the second derivative 
on the XES and XAS experimental spectra, a gap between VB and CB of 5.1 eV is determined. A 
0.2 eV shift in the core hole resulting the final band gap of 5.3 ± 0.2 eV. The band gap of BP3N6 
calculated using PBE-GGA is 4.5 eV which is lower than the experimentally determined band gap. 
More suitable band gap of 5.8 eV is determined performing the mBj calculation. Until now, there 
is no reported band gap value of BP3N6 available in the literature which does not allow to compare 
the results. A summary of the measured and calculated band gap of BP3N6 is given in Table 5.2. 
Table 5.2. Measured and calculated band gap of BP3N6. The experimental band gaps are denoted 
by Eexp, calculated band gaps are denoted by EPBE-GGA and EmBj. 
Compound Eexp [eV] EPBE-GGA [eV] EmBJ [eV] Literature [eV] 
BP3N6 5.3 ± 0.2 4.5  5.8 N/A 
 
After having discussed the band gap, now the electronic band structure of BP3N6 is considered.  
The mBJ calculated electronic structure is shown in Figure 5.6 (a). The conduction band has a 
minimum at the point between Σ and Δ while the valence band maximum is found to be at the Σ 
point. The calculated band bap of BP3N6 is predicted to be indirect which agrees with the 



















Figure 5.6. (a) The band structure and (b) calculated density of states of BP3N6. 
 
other hand, the bands in the vicinity of the valence band maximum are dense enough leading to a 
significant peak in the density of states. 
5.2.3 Density of States of BP3N6 
Like the XAS calculation, the density of the states can be calculated separately for each site inside 




relative energy positions of the orbitals without the core hole effect. Since the XAS calculations 
are based on the perturbed DOS results, the close agreement that was found between the 
experimental and theoretical spectra suggests that the unperturbed DOS calculations provide an 
accurate portrayal of the ground state electronic structure of the crystal [74]. 
The PBE-GGA calculated density of states of BP3N6 is shown in Figure 5.6 (b). The entire valence 
band is comprised of three regions indicated in descending energy with VB1, VB2, and VB3. Near 
the fermi energy (0 eV), the valence band shows a very sharp edge. VB1 in the energy range of 0 
eV to -4 eV, is dominated by p states of N5, N6, and N2. VB2 from -4 eV to -8 eV has a contribution 
from p states of N1 and N2 while most of the contribution in region VB3 from -8 eV to -11.5 eV 
is coming from the p states of the N6 site. The two peaks in the conduction band at 6.9 eV and 9.5 
eV are mostly contributed from the p states of P1. Between the two peaks, N1, N6 and B contribute 
evenly. After energy 9.5 eV, the contribution of p states of B starts to increase while other co-











6.1 Summary of Results 
Soft X-ray spectroscopy using the radiation from a synchrotron source is a powerful technique 
which provides insight into the electronic structure of a material that would otherwise be 
inaccessible. This thesis represents significant new outcomes in the investigation of electronic 
structure and band gap of newly synthesized nitridophosphate materials by means of X-ray 
absorption and X-ray emission spectroscopy techniques.  
The electronic structure and the band gap of ammonothermally synthesized M2PN3(M=Mg, Zn) 
and BP3N6 have been probed experimentally and theoretically using soft X-ray spectroscopy 
measurements and density functional theory calculations, respectively. Excellent agreement is 
observed between the measured and calculated N 1s XAS and N K-edge XES spectra which 
supports crystal structures employed for the calculations for M2PN3(M=Mg, Zn) and BP3N6 as 
well as the approach in a single electron picture. The measured band gap of 5.3 ± 0.2 eV (Mg2PN3), 
4.2 ± 0.2 eV (Zn2PN3), and 5.3 ± 0.2 eV (BP3N6) is in good agreement with mBJ-calculated band 
gap of 5.4 eV for Mg2PN3, 3.9 eV for Zn2PN3 and 5.8 eV for BP3N6. The results obtained in this 
thesis is also in qualitative agreement with previously published UV-Vis measurements of the 
sample, Mg2PN3 and Zn2PN3. but no experimental and theoretical data has yet been published for 
BP3N6. All the three materials have been reported to have an indirect wide band gap. The findings 
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obtained of the materials studied herein, provide a means for enhanced understanding in designing 
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